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, are investigatedby two-color resonant two-photon ionizationspectroscopy.




are ~10 times stronger
than the CH
…





























) transition is allowed. The opposite holds for (mCP)
2
due to the different transition






spectra of the dimers are compared and their excitonic splittings
and vibronic quenchings are investigated by measuring the
13
C-substituted heterodimer isotopomers, for which













. The latter exhibits a much stronger vibronic quenching,











. The monomer site-shifts upon dimerization and comparing certain
vibrations that deform the hydrogen bonds confirm that the OH
…
N≡C hydrogen bond is much stronger than the
CH
…
N≡C bond. We show that the H-bonds have large effects on the spectral shifts, but little or no influence on
the excitonic splitting.
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1. Introduction
Hydrogen-bonded molecular dimers
are model systems to investigate excitonic
interactions, which are of great importance
in many photochemical and biological
systems such as conjugated polymers, mo-




benzene derivatives are small enough to al-
low detailed experimental, theoretical and
computational investigations and are at the
same time representative of larger systems.







splittings in rigid, doubly hydro-














They are centrosymmetric, meaning that





) states of monomers A and B are degen-
erate and excitonically coupled.
[2–8]
Upon
dimerization the transition dipole moment
(TDM) vectors of the monomers combine
in a parallel and antiparallel manner, giv-







) excited state combi-
nation.
[9]









transition is electric-dipole (g↔u)
allowed, while the other is electric-dipole
(g↔g) forbidden. The inversion symmetry
can be broken by isotopic substitution of





rendering the forbidden transition slightly
allowed.
[2–6]
This enables us to experimen-








We have previously shown that the
displacements along the intra- and inter-
molecular vibrational coordinates Q
i
that
occur upon electronic excitation and which
are quantified by the Huang-Rhys factors
S
i
, have a major impact on the magnitude
of the experimental splittings.
[3,6]
The ob-
served splittings are up to a factor 40 small-




by high-level ab initio calculations. This






taking the Huang-Rhys factors S
i
into ac-
count within Förster’s perturbation theory
approach
[7]
or the Fulton-Gouterman mod-
el.
[11,12]
Applying the resulting quenching
factor Γ to the calculated exciton splitting
∆
calc
results in vibronic splittings ∆
vibron
that











The strength of hydrogen bonds is
dependent on the atoms involved and on
structural aspects. The shift in absorption
energy of the dimer relative to the mono-
mer allows us to draw conclusions on the
stabilization gained upon dimerization.
Further, vibrations deforming the hydro-
gen bond also give us information on the
H-bond strength. Here, we investigate if
hydrogen bond strength has a direct influ-
ence on the excitonic splitting and vibronic
coupling on the examples of the benzoni-
trile dimer, (BN)
2
, with two CH
…
N≡C hy-
drogen bonds, and the meta-cyanophenol
dimer, (mCP)
2









were optimized by the spin-
component-scaled variant of the approxi-
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N≡C H-bond is much stron-
ger compared to the CH
…
N≡C bond, be-
cause more energy is required to deform it.
This is confirmed by the SCS-CC2/aVTZ













= –23.1 kJ/mol for (BN)
2
, with cor-
responding basis-set superposition errors
of 9.5 kJ/mol and 4.3 kJ/mol, respectively.
Inter- and intramolecular vibrations
that involve large motions of the H-bonded





allow to draw conclu-
sions on H-bond strength. The intermo-
lecular shear vibration χ and the in-plane
cyano-group bend δCCN appear in both
spectra. The respective fundamental exci-





















is at 206 cm
–1
in
mate second-order coupled-cluster (SCS-
CC2) method using the aug-cc-pVTZ ba-












-symmetric, with the mono-
mers slightly out of plane.
[9,15]
The calculated intermonomer distance





= 5.34Å with an H
…
N distance of 2.04




= 6.46 Å and the H
…
N distance is
2.36 Å. The presence of the OH group in
(mCP)
2
changes the transition dipole mo-
ment (TDM) orientation: In (BN)
2
the
angle of the monomer TDM relative to the
𝑅𝑅
��
vector is θ = 63°, which is larger than
the ‘magic angle’ for which the magnitude
of the dipole–dipole interaction goes to
zero, i.e. arccos(1/√3) = 54.7°.













, the angle is θ = 11°, which is












3. Two-Color Resonant Two-Photon
Ionization Spectra
The dimers were produced and cooled
in pulsed supersonic jet expansions. BN
was heated to 75 °C in an external vapor-
izer and seeded into the neon carrier gas
(backing pressure 1.2 bar), while mCP was
heated inside the pulsed nozzle to 80 °C.
Two-color resonant two-photon ionization
(2C-R2PI) spectra were recorded by over-
lapping the excitation and ionization lasers
in the source of a time-of-flight mass spec-
trometer. The spectra are shown in Fig. 2






























transition energies. The much larger shift
for (mCP)
2
indicates a stronger hydrogen
bond of (mCP)
2
relative to that of (BN)
2
.
This will be discussed in Section 5.
The intramolecular normal modes are
denoted according to the Wilson nota-
tion,
[16]
while for the intermolecular nor-
mal modes we employ the nomenclature
introduced in ref. [17]. The (BN)
2
spec-
trum is dominated by intramolecular vi-
bronic bands. Only one intermolecular




; otherwise the spectrum is very similar
to that of BN.
[13]
By contrast, the spectrum
of (mCP)
2
showsmany excitations of inter-
molecular vibrations (δ, β, θ, σ, χ) as well
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5. Spectral Site-Shifts
The intermolecular interactions that
occur upon dimerization act on the constit-
uent monomers and result in changes of the
monomer geometry as well as energy (the
so-called deformation energy). The geom-
etry deformation of the monomer leads to
a change of its electronic structure. This









absorption frequency. Thus the dimeriza-
tion causes an electronic spectral site-shift.
The site-shift can be evaluated from the av-














band, see Fig. 4.
Fig. 4 shows that the excitonic splitting
discussed above is relatively small and
does not depend on the H-bond strength. In
contrast, the site-shift leads to much larger
spectral effects and largely depends on the























This result corresponds to





is 5% of the binding energy. The mCP
monomer origin lies at 34354 cm
–1
while







is at 33260 cm
–1






site-stabilization is 23% of the dimer bind-
ing energy. This shows that the CH
…
N≡C
quenches the Davydov splittings by factors
of Γ
–1


















This is in excellent agreement with the
excitonic splittings determined above; all
the splittings are summarized in Table 1.
We note that these splittings arise from
properties of the monomers: The exciton-
ic splitting results due to coupling of the
monomer TDMs and the vibronic quench-






. This implies that the H-bond
strength of the dimer does not affect the





















































C substitution at a sin-
gle atom breaks the inversion symmetry













, renders the forbidden transi-
tion allowed. We take advantage of the
natural abundance of
13
C. Fig. 3 shows the








top panels display the all-
12
C mass chan-
nel and the lower panels the
13
C-trace. In















































origin, which is due to changes in
the zero-point vibrational energy (ZPVE)







splitting thus comprises an excitonic
contribution ∆
exc
and an isotopic contribu-
tion ∆
iso
. According to degenerate pertur-















C-BN we have determined








































C is hardly shifted compared to
that of (mCP)
2


























The vertical excitation energies cal-
culated at the optimized SCS-CC2/aVTZ
ground-state structures predict purely














However, these splittings do not take the
redistribution of the electronic TDM into
vibronic TDMs into account, and can
therefore not be directly compared to the
























where i numbers the totally-symmetric in-





























































































































C-mass channel (top) and the
13
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larger than the excitonic splittings and are
heavily influenced by the hydrogen bond
strengths. Thus the H-bonds have large ef-
fects on the spectral shifts, but little or no
influence on the exciton splitting.
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drogen bonds in (mCP)
2
are much stron-
ger compared to (BN)
2
, which is reflected
in (i) the binding energy D
e
of the com-
plexes, (ii) the site-stabilization δυ of the
dimer relative to the corresponding mono-
mer units and (iii) the shifts of inter- and
intramolecular vibrational frequencies of
dimer modes such as the shear and the in-
plane nitrogen bend, where the frequen-





. Yet, the strength of the hydrogen
bond only affects site-shift of the mono-
mers upon dimerization, but not excitonic
interaction. The latter arises due coupling
of the monomer TDMs and the vibronic
quenching is well reproduced by only in-
cluding intramolecular monomer modes.
One sees that while the excitonic splitting
is of great importance, it is energetically a
comparatively weak interaction. The elec-
tronic spectral site-shifts are 15–150 times
bonds have a much smaller influence than
the OH
…
N≡C bonds, as the stabilization is




Jet-cooled two-color resonant two-

















respectively. The vibronic quenching fac-
tor derived from monomer fluorescence
spectra was much smaller for (mCP)
2
(Γ = 0.043) than for (BN)
2
(Γ = 0.213),
since 2C-R2PI spectrum of mCP exhibits
many more vibronic bands than BN. This
leads to a much stronger quenching of
the electronic exciton splitting by a factor
Γ
–1

























































transition is forbidden. Experimentally accessible values are marked in full lines, while calculated
or indirectly determined transitions are dashed.
